We address the effect of functionalization on the electronic and magnetic properties of magnetite surface as an indicator of the same properties in nanoparticles too big for a direct ab-initio approach.
In this paper, we propose to extend those studies in order to address the role of commonly used ligands on the charge order at the surface of magnetite and their effect on the magnetic and electronic properties of this material. If the radius of the nanoparticles used in medicine is large enough, we argue that the local effects are indistinguishable from surface effects.
II. METHOD AND CHOSEN SYSTEMS
We chose to describe the systems by density functional theory, using a well-established combination of plane waves and pseudopotentials, since core electrons do not contribute to the phenomena we are interested in, and since periodicity is assumed in two directions at least to describe surfaces, a large enough vacuum being added in the third direction in order to minimize interactions in between periodic replicas.
The magnetite surface was thus built by taking the unit cell from We used the LDA+U method for magnetite (in order to have an state presenting a very small gap, as reported elsewhere in the literature 22 ). We used Marzari-Vanderbilt smearing and a Gaussian smearing factor of 0.02. a 0.17 mixing factor for self-consistency was used.
The LDA+U parameters were set at U=4.5 eV for Fe and J=0 in accordance with previous papers 12, 22 . We used an automatic sampling of the first Brillouin zone. No symmetry was used. Due to the corresponding very high computational cost, at first we used an energy cut-off of 27 Ry and turned off the spin degree of freedom in order to explore the structural stability of the system, and progressively increased this cutoff to a value of 30 Ry which we found not to perturb the results, as well as using a grid of 4X4X4 K-points in the first Brillouin zone. Correspondingly, we turned on the spin degree of freedom in the calculation after having established stable structures, and even checked that the result was the same up to two decimals in various observables when using non-collinear magnetism, showing that the systems are essentially collinear ferrimagnets.
We used standard ultrasoft pseudopotentials from the Quantum Espresso distribution using the Perdew-Wang 91 functional in LDA+U 23 . Using this method, we could check that the magnetite crystal cell from 19, 20 was structurally stable, , that we could reproduce the density of states from 22 , and that the magnetite surface, using 3. direction, was subject to small structural changes but that the corresponding total density of states was similar to the one of 12 . The magnetite surface is represented on figure 1 and the corresponding total density of states on figure 2.
We first modeled the ligands we chose to study using the WebMO interface to the Gaussian09 code 24 using the Hartree-Fock method with the Hartree-Fock method with 6-31+G(d) basis set which is often considered as the best compromise between speed and accuracy in order to perform a quick structural optimization of such molecules. We then checked that the obtained coordinates for the ligands corresponded to stable molecules in the pseudopotential approach, added one of those molecules at 1.5 nm of the magnetite surface optimized as described above, and performed a full structural optimization going to 0 K by the standard annealing method of the PWScf code.
We chose two type of commonly used ligands : first, a π-electron donor type for which we chose dopamine as commonly used in experimental work trying to make nanoparticles biocompatible as described in the introduction, then a σ-electron donor for which we chose citric acid, a molecule also widely experimentally used 2, 25 . A better description would of we conclude that the functionalization by dopamine will induce a stronger change in the magnetic properties of the system than the one by citrate, which, however, tends to induce a stronger magnetization.
IV. CONCLUSION
In this paper, we address the effect of functionalization on the electronic and magnetic properties of magnetite surface as an indicator of the same properties in nanoparticles too big for a direct ab-initio approach. Using well-established methods and references (namely LDA+U on magnetite surfaces) we could verify that we had similar results to those in recent papers on magnetite surfaces, and using two typical ligands, π and σ electron donors, we could predict that those ligands would induce a different change in the electronic properties of the systems, but in both cases an enhancement of magnetization. These findings are confirmed by some recent experimental work. The present study could however be improved by looking at temperature and solvent effects, by using a larger number of atoms in order to be closer to experimental systems, as well as by modeling some other changes in physical
properties of magnetic nanoparticles of medical interest induced by surface functionalization.
